Etching suspended superconducting tunnel junctions from a multilayer 
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A method to fabricate large-area superconducting hybrid tunnel junctions with a suspended cen- 
tral normal metal part is presented. The samples are fabricated by combining photo-lithography and 
chemical etch of a superconductor - insulator - normal metal multilayer. The process involves few 
fabrication steps, is reliable and produces extremely high-quality tunnel junctions. Under an appro- 
priate voltage bias, a significant electronic cooling is demonstrated. We analyze semi-quantitatively 
the thermal behavior of a typical device. 
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Tunnel junctions between a normal metal (N) and a su- 
perconductor (S) separated by an insulating oxide barrier 
(I) are a central component to mesoscopic electronic de- 
vices. In SINIS structures with a small metallic island, 
one can couple superconductivity to single electron ef- 
fects, which are used for metrological current sources 
Such structures have also demonstrated a high potential 
for on-chip electronic cooling applications [2j]. In this 
case, the superconductor energy gap suppresses tunnel- 
ing of low-energy electrons, so that only high-energy elec- 
trons can tunnel. The normal metal electron population 
as a whole then reaches a quasi-equilibrium state with 
a temperature lower than the phonon and the substrate 
temperatures [3]. Starting from a bath temperature of 
about 300 mK, an electronic temperature reduction by a 
factor of about 3 has been achieved in aluminum-copper 
hybrid devices that are voltage-biased just below the gap 
of superconducting Al Q ■ Micro-coolers based on large 
and lithographic junctions have demonstrated a cooling 
power sufficient for cooling a bulk material [5j or a de- 
tector Q. 

Optimizing a SINIS device for electron cooling can be 
achieved by increasing the heat current and/or isolating 
better the cooled electron bath. As the heat current is 
proportional to the tunnel barriers conductance, reduc- 
ing the barriers' thickness is the first option. Neverthe- 
less, this can lead to the appearance of two-particle An- 
dreev reflection processes at low energy, which deposit 
heat in the normal metal Q. The obvious alternative 
is to increase the junction area at a fixed transparency. 
However, if not epitaxial, large-area solid state tunnel 
barriers are subject to local fluctuations of the barrier 
thickness. In this case, most of the current goes through 
so-called pin-holes Q, giving rise to an unwanted sig- 
nificant sub-gap current that also deposits heat in the 
normal metal. Depending on the device geometry, the 
central normal metal island can feature a sizable Ohmic 
resistance. The large current flowing through a large- 
area, and thus low-impedance, tunnel junction biased at 
the gap can then induce a significant Joule dissipation 
0. The same current is also expected to heat the su- 



perconductor in the vicinity of the junctions area [lOj. 
Eventually, for a given cooling power, an efficient elec- 
tronic cooling relies on a thermal decoupling of cooled 
electrons and phonons from the environment, including 
the substrate. It is thus highly desirable to suspend the 
cooled normal metal over the substrate. 




FIG. 1: (a) From top: fabrication starts with an Al/AlO^/Cu 
multilayer, on which a photoresist is patterned with contact 
pads and holes. Then, Cu and Al are successively etched, 
leaving a suspended membrane of Cu along the line of ad- 
jacent holes. A second lithography and etch define the Cu 
central island, (b) Optical microscope image showing regions 
by decreasing brightness: bare Al, Cu on Al, suspended Cu 
and substrate. On the top, two thermometer junctions are 
added, (c) Colorized scanning electron micrograph of a sam- 
ple cut using Focused Ion Beam, showing the Cu layer sus- 
pended over the holes region. The thickness of Al and Cu is 
400 and 100 nm, respectively. 



In this Letter, we present a method to fabricate large 
area SINIS devices of high quality and with a suspended 
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normal metal. The method bases on a pre-deposited mul- 
tilayer of metals, which can be prepared at the high- 
est quality. The normal part is suspended in the first 
lithography, which keeps it isolated from the substrate. 
The second lithography defines the junction area with 
any geometry of interest. Transport measurements on 
these junctions show excellent characteristics, without 
any leakage contribution. Under an appropriate bias, the 
device demonstrates a significant electronic cooling. 

The fabrication starts with depositing a Al/AlO^/Cu 
multilayer on an oxidized silicon substrate (500 nm Si02). 
Prior to deposition, the Si wafer is cleaned by baking it 
to 300° C for 4 hours inside an electron beam evaporator, 
at a pressure below 10 -9 mbar. The wafer is then let to 
cool down for one hour before depositing Al. The wafer 
is afterwards moved to a neighboring chamber where it 
is exposed to a static pressure of oxygen. The later pro- 
cess is known to produce a high-quality thin oxide bar- 
rier. The sample is finally moved back to the deposition 
chamber so that Cu can be deposited, without breaking 
vacuum. 



A first deep ultra-violet lithography 11] is used to de- 
fine the overall device geometry. The central part is a 
series of adjacent holes of diameter 2 ^tm and with a 
side-to-side separation of 2 /zm, see Fig. 1. The cop- 
per layer is etched away over the open areas using either 
Ion Beam Etching (IBE) or wet etching (HNO3, 65%, di- 
luted 1:40 in DI water). Both approaches proved equally 
satisfactory. The aluminum is then etched through the 
same resist mask, using a weak base (Microposit MF CD 
26 developer, diluted 1:2 in DI water). The etching time 
(270 s for an Al thickness of 100 nm, or 520 s for 400 nm) 
is controlled as to completely remove aluminum from the 
circular region within a horizontal distance of about 2 /im 
starting from the hole side. The line of adjacent holes vis- 
ible in Fig. 1 therefore creates a continuous gap in the 
Al film, bridged only by a stripe of freely hanging Cu. 

The area of the NIS junctions is defined by a second 
lithography. Through the open areas, trenches are etched 
into the copper layer only, using one of the two methods 
cited above. These trenches allow to isolate a copper is- 
land, which forms the central normal metal part of the SI- 
NIS device. A top view of the complete device is pictured 
in Fig. lb. Notably, the suspended copper membrane in 
the vicinity of the line of holes can be identified by its 
lower reflectivity with respect to the multilayer. Figure 
lc shows a side view scanning electron micrograph of a 
junction after cutting the sample perpendicular to the 
line of holes, revealing the vertical structure of the SINIS 
device, as well as the complete removal of Al below the 
Cu bridge. 

Low temperature transport measurements were per- 
formed at a bath temperature down to 100 mK. Accu- 
rate electronic filtering of the lines was taken great care 
of. Twisted pairs of wires were passed through a single 
CuNi capillary filled with a two-component paste con- 



30 



20 



10 



< 



-10 



-20 



-30 



— 300mK 

— 200mK 

— 95mK 



(a) 



-200 200 
V&/V) 




-400 -200 200 400 
V(flV) 



FIG. 2: (a) Current-voltage characteristic and (b) differential 
conductance of sample D at different cryostat temperatures, 
see Table 1 for its fabrication parameters. 



taining radio-frequency absorber [l2|, |l_3j over 200 cm at 
the cryostat base temperature. Additionally, two stages 
of 7T-filters were integrated both at room temperature 
and in the sample holder. Four-point d.c. measurements 
were performed using home made electronics, in which a 
current bias is applied to the sample and the voltage is 
read out. 

Fig. [2] shows the current-voltage characteristic and the 
numerically-derived differential conductance of a typical 
sample at various cryostat temperatures. This plot is 
actually a combination of multiple curves covering differ- 
ent measurement ranges, extending over several decades 
of current values. Inside the gap marked by two differen- 
tial conductance peaks, the sub-gap conductance is found 
to decrease strongly when temperature is decreased. In 
a semi-logarithmic representation, an increasing slope of 
the differential conductance as a function of voltage indi- 
cates a decreasing electronic temperature. This behavior 
is clearly observed, especially close to the gap edge. This 
demonstrates electronic cooling in the normal metal. 

Similar results were obtained in a series of samples with 
different fabrication parameters listed in Table I. We have 
varied the thickness of the Al and Cu layers, as well as 
oxidation pressure or time in preparing the multilayers. 
Either dry etching (IBE) or wet etching of Cu was used, 
without noticeable difference. Electron beam lithography 
was employed for the second lithography step in samples 
B and C. All samples show an energy gap 2A ~ 350 /ieV, 
consistent with the bulk gap of aluminum. The junctions' 
normal state resistances Rn roughly scale with the in- 
verse junction area and increase with oxidation pressure. 

At very low temperature, a zero-bias peak of the dif- 
ferential conductance is observed (see Fig. [5]), which is 
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a clear signature of coherent Andreev processes It 
defines a higher bound for the ratio G m i n /GN of the 
minimum differential conductance G m i n to the high-bias 
conductance GV , thereby characterizing the contribution 
of possible pin-holes. Based on our measured G m i n /Gjq 
values in the 10 -4 to 10 -5 range, we claim that our junc- 
tions, although not epitaxial, are pinhole-free. Further- 
more, while we were initially concerned that redeposition 
of the etched metals might shunt the junction, this was 
not observed. Samples do not show any sign of aging, 
even when stored in ambient conditions for months. 

Let us now discuss semi-quantitatively Fig. [2] data 
in terms of electronic thermal behavior. We have mea- 
sured the electronic temperature as a function of the 
cooler voltage bias by using the two attached smaller 
junctions, see Fig. [1}d, as an electron thermometer (data 
not shown). The electronic temperature was determined 
by fitting the measured differential conductance charac- 
teristics as a function of the voltage with the theoreti- 
cal expectation, i.e. a thermally-smeared BCS density of 
states. At a bath temperature Tf, a th of 300 mK and at 
the optimum bias point, the measured electronic temper- 
ature T e goes down to 240 mK. 

In the hypothesis that phonons in the normal metal 
remain at the bath temperature, the related electron- 
phonon coupling power P e ^ ph = ££/(T e 5 - T h 5 Qt J Q 
amounts to 33 pW. Here U is the normal metal is- 
land volume and we take the established value S =2 
nW/im" 3 K~ 5 for the electron-phonon coupling param- 
eter in Cu. The Andreev heat also brings a sizable con- 
tribution, with a power estimated as G m i n A 2 /e 2 of about 
20 pW. In comparison, the Joule heat dissipated in the 
normal metal island resistance, whose value is about 0.02 
by the bias current of 10 fj,A at the optimum point is 
of the order of 2 pW, which is almost negligible. The 
total estimated heat load thus amounts to about 55 pW. 

The cooling power P coo i can be theoretically calculated 



from the expression [151 ]: 



id 


tAl 


tCu 


Po 2 


Area 


Rn 


2A 


Gmin/GN 




M 


M 


(mbar) (^m 2 ) (Q,) (fieV) 




A 


100 


100 


4000 


1200 


14.6 
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1.7 
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8xl0" 4 



TABLE I: Parameters of different SINIS devices: tAi and tcu 
are the thickness of the Al and Cu layers, respectively. Po 2 is 
the oxidation pressure. All samples were oxidized for 15 min- 
utes, except for sample A that was oxidized for 30 minutes. 
Rn is the normal-state resistance. The values of the sub-gap 
conductance ratio Gmin/GN were extracted from measure- 
ments below 100 mK (A to E) or 150 mK (F, G). 
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where T s is the superconductor temperature. Let us first 
consider the equilibrium hypothesis where the supercon- 
ductor is well thermalized at the bath temperature. At 
a bath temperature of 0.3 K, the second term in Eq. (1) 
is then almost negligible. Taking an electronic temper- 
ature T e of 0.24 K, we obtain a cooling power of about 
520 pW per junction, i.e. 1040 pW in total. The dis- 
crepancy with the estimation of the total heat load is 
presumably due to the overheating of the superconduct- 
in g ele ctrodes submitted to a large quasi-particle current 
This effect actually shows up experimentally 
as a slight back-bending feature on the current-voltage 
characteristic close to the gap edge. The related super- 
conductor temperature T s can be estimated by using it as 
a free parameter in Eq. (1) so that the calculated cooling 
power fits the estimated heat load. In this case, the sec- 
ond term is obviously significant. In this way, we obtain 
T s = 0.58 K. This value appears as reasonable and could 
be compared to theoretical predictions similar to the one 
developed in Rcf. 
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but using a 2D formalism. 
Removing the contact between the substrate and the 
cooled metal by suspending the latter is quite promising 
for electronic refrigeration applications as it can signifi- 
cantly improve cooling of electrons and phonons. Such 
suspended metallic beams have been made using usual 
shadow evaporation technique and etch of the under- 
neath layer using high pressure Reactive Ion Etching ei- 
ther on bulk substrates or membranes Every 
approach starts with patterning a resist bilayer, which 
leaves little room for substrate cleaning before deposi- 
tion. The resist itself can also pollute the metal struc- 
tures deposited. Moreover, the junction dimensions can- 
not usually be pushed well beyond the resist thickness. 
Eventually, the RIE etch dictates some material choices. 

In comparison, our approach has several advantages. 
As fabrication starts with preparing the multilayer, the 
wafer can be baked in ultra-high vacuum environment, 
which we believe to be an essential ingredient for obtain- 
ing pinhole-free NIS junctions. Deposition can be made 
at high temperature, which enables epitaxial growth of 
Al and a high oxide quality. The layers' thicknesses and 
the junction dimension can be increased independently of 
any resist thickness. Other material combinations than 
Cu and Al may prove interesting, provided an appropri- 
ate method of selective etching and over-etching of the 
two different materials exists. 

In summary, we have presented a method for fabri- 
cating high-quality and large-area SINIS junctions, com- 
bining simple photo-lithography and etching techniques. 
The process yields a suspended normal metal membrane, 
bridging superconducting leads. The junctions are of 
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high quality with no pin-holes or unwanted shunt. When 
biased with a voltage just below the superconductor gap, 
our samples display a significant electronic cooling. A 
preliminary thermal analysis suggests that overheating 
in the superconducting electrodes is responsible for the 
moderate cooling amplitude. Further investigation is cur- 
rently carried on to optimize heat dissipation near the 
SINIS junctions. 
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